Abstract
7
type WS3), which had been calibrated up to 200 kHz at DFM using a primary free field calibration 128 method. In the field, calibration checks were made before and after each measurement using a B&K 129 4231 sound calibrator. All recordings were made to disk using a Tascam DR40 recorder with a 130 sample rate of 96 kHz and bit depth of 24 bits. For all recordings, the free-field microphone was 131 hand held and pointed toward the center of the source (or the apparent center of the source where 132 this was not clear) and the distance to the source was measured using either a laser distance 133 measurer (Bosch GLR225), or standard tape measure. At some sites, where there was a risk of the 134 sound level estimate being influenced by wind or other airflow, a microphone windscreen was used 135 (B&K UA-0237) and, in these cases, a correction was applied following the manufacturer's 136 specification. 137
The data were analyzed using a custom MATLAB (Mathworks, Natick, MA, USA) script to find the SPL 138 (re 20 μPa) in 1/3-octave bands between 11.2-40 kHz (centered at 12. 5-, 16-, 20-, 25-, 31.5-and 40-139 kHz), the precise frequency at which the SPL was greatest, and the overall SPL (across the whole 140 frequency range from 20 Hz to 40 kHz). 1/3-octave band (TOB) levels are reported for ease of 141 comparison with existing guidelines (with raw data achieved for use of future researchers who may 142 opt for different windowing criteria). In this study 'ultrasonic' will refer to sound within or above the 143 TOB centered on 20 kHz, that includes any frequency above 17.8 kHz, and not, as is more common, 144 to sounds above 20 kHz (the notional upper limit of human hearing). This is because all prior 145 guidelines for the maximum permissible levels (MPLs), even when they have specifically defined US 146 as referring to frequencies above 20 kHz, in fact set the same MPL for tonal signals at 17.8 kHz -20 147 kHz as they did for signals at 20 kHz (Leighton, 2016b ). VHFS will refer to sounds between 11.2 and 148 17.8 kHz (the upper limit of the 10 kHz TOB and the lower limit of the 20 kHz TOB, respectively). No 149 additional frequency weighting was applied to the measured signal, which is equivalent to a Z-150 weighting for frequencies up to and including the 20 kHz TOB. Equivalent sound pressure levels were 151 estimated from 10 second segments of each recording (which was a multiple of the duty cycle of all 152 sources measured that were not continuous). Segment start and end points were selected either at 153 8 random, to cover a time point when background noise was at a minimum, or to capture a complete 154 cycle of modulating sources. 155
An assessment was made of the amount of variability in the measurements that might be due to 156 factors such as sensitivity of the recordings to small changes in microphone position and orientation 157 (which can become more of an issue at very high frequencies owing to the shortness of the sound 158 wavelength relative to the microphone size; Leighton, 2016b; Mapp, 2016 Mapp, , 2017 and changes in the 159 acoustics in dynamically evolving environments. Firstly, the RMS error was assessed between the 160 original segment analyzed and two additional, randomly selected, non-overlapping segments for 161 each recording location at three of the sites. In addition to this, at five sites, one measurement 162 position was relocated and re-measured at the end of the recording session. 163 kHz. In this study, 7 such systems were measured in a range of public locations. Systems that 176 produced a constant tone rather than a pulsed tone were selected to be measured because Mapp9 (2017)'s findings, together with the informal calibrated smartphone measurements in the current 178 study, suggest that the equivalent level is likely to be significantly higher (by around 15 dB) and that 179 constant tone sources are more common (and therefore more likely to be encountered by members 180 of the public). No windscreen was used for these recordings as they were all indoors. Five of the 181 sites at which PAVA systems were recorded were train stations, and each of these sites had a footfall 182 of tens of millions per year (ORR, 2016) . 183
B. Sources
At each site the location of the PAVA system was determined and the closest publicly accessible 184 position identified. Measurements were conducted starting at these proximate locations at a height 185 
290
In total, spectrograms for 88 sources with associated locations were submitted to us by members of 291 the public (shown in Figure 1 ). Of these, 76 were within the 20-kHz TOB and the remainder where 292 between 15 kHz and the lower limit of the 20-kHz TOB (17.8 kHz). 78 of the 88 sources were in the 293 14 UK. Of the sources identified, 47 (over 50 %) were in London. PAVA systems appear to make up 294 around 70 % of submissions (based on descriptions of sources and locations from contributors). 295
Around a third of these PAVA system sources produced pulsed tones and the remainder produced 296 constant tones. When the source pulsed, the pulse duration was most often around 1.5 secs 297 (minimum around 1 sec, maximum around 10 secs). The delay between pulses varied markedly 298 between 1 and 40 secs. These measurements were used only to identify the locations of sources for 299 further measurements. 300 Table I shows the maximum levels for each source measured and the distance from the source at 310 which these levels were measured. Across all devices, the highest TOB levels measured were for Pest 311 Deterrents 1 and 2, which were in the gardens of a private residence and produced maximum levels 312 of 99.5 and 98.5 dB SPL (20-kHz TOB). These levels were taken directly in front of and close to the 313 16 devices (0.3 m). When recording in a standing position (above the source), where one expects most 314 exposures will occur, the level of Pest Deterrent 1 dropped to 75.8 dB SPL (20-kHz TOB) and was at a 315 similar level of 74 dB SPL (20 kHz-TOB) at a position on the public footpath 1.4 m from the source), 316 where passers-by might be exposed. The maximum level measured for Pest Deterrent 2 was at 317 standing height (in-line with the deterrent). Pest Deterrent 3, which was in operation at a school, 318 was found to produce a maximum level of 66 dB SPL (12.5-kHz TOB) from a path within the school 319 grounds. The level had fallen to 50.2 dB SPL (12.5-kHz TOB) on the pavement outside of the school 320
B: Calibrated measurements 301
gates. This measurement was made for comparison of public exposure and exposure within the 321 school grounds (the measurement was not made at a precise doubling of distance relative to other 322 measurement points so is not included in Figure 4) . 323
The PAVA systems produced levels between 60 and 75 dB SPL when measured at ranges of around 1 324 to 2 m. The systems measured in railway stations (PAVA 1, 3, 4, 5, and 7) all operated at the same 325 frequency of 20.8 kHz. The levels observed in the museums (PAVA 2 and 6) were similar to those 326 observed in railway stations. These levels are somewhat higher than the majority of sources 327 measured by Mapp (2016 Mapp ( , 2017 , but are lower than the highest SPL that Mapp reported, which was 328 in excess of 79 dB SPL. 
338
Figure 2 presents spectrograms for some of the sources, which show the time-frequency structure of 339 the signals being measured. Figure 3 illustrates the third octave spectra for four of the datasets. All 340 PAVA systems measured showed a distinct, constant tone in the 20-kHz TOB, which was far above 341 the acoustic noise floor for each site (see Fig. 2 A and Fig 3. A) . In contrast, Hand Dryer 1 had 342 significant energy across the whole frequency spectrum (Fig. 3 D) . Table I ). 
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All levels are for the TOB in which the highest level was measured for the source (see Table I ).
364
Figures 4 and 5 present data on the uniformity of exposure around the different sources at different 365 recording locations. Figure 4 shows the change in sound level with increasing distance from the 366 source (with a negative value representing a decrease in level) and Figure 5 shows the level change 367 with azimuth, with the 0° position being in front of the loudspeaker (based on visual inspection). It 368 should be noted that for many of the measurements, the sources were above the recording position 369 and so a change in distance also meant a change in angle relative to the source. The data show a 370 large variation across locations and devices in the change in sound pressure level with doubling of 371 distance (from +8 dB to -12.4 dB) and with measurement angle relative to the source (from + 1.3 dB 372 to -20.3 dB when moving from the front to 90° azimuth relative to the front). A reduction in sound 373 level of 6 dB would be expected for each doubling of distance for a point source in an anechoic space 374 (Figure 4 , grey line), plus a decay of less than 0.2 dB per meter (for a source at 20 kHz) due to 375 atmospheric absorption (ISO 9613-1:1993). As may be expected, the sound field generated by the 376
